Immune compromise may result from genetic abnormalities, HIV/AIDS, or consequences of therapy for neoplastic and autoimmune diseases. Many immunocompromised patients develop severe gastrointestinal symptoms, particularly diarrhea, accompanied by non-specific or mild endoscopic abnormalities; mucosal biopsy with pathologic interpretation has a major role in the diagnosis and management of these patients. Immunocompromised individuals are at risk for all the diseases that affect those with a healthy immune system, but they are also prone to other illnesses that rarely affect immunocompetent patients. This review discusses the gastrointestinal manifestations of primary and acquired immunodeficiency, chemotherapy-related injury, and infections that show a predilection for immunocompromised patients. Key histologic features and relevant differential diagnoses are emphasized.
Introduction
Histologic examination of mucosal biopsy samples plays an increasingly important role in the diagnosis and management of patients who experience complications of immunosuppression owing to a variety of genetic, acquired, and iatrogenic causes. Patients with various types of primary immunodeficiency are prone to gastrointestinal injury, and the inflammatory changes often mimic more common disorders, such as celiac disease, idiopathic inflammatory bowel disease, medication-related injury, and autoimmune enteropathy (Table 1) . Immunocompromised patients are also at increased risk for opportunistic infections and neoplasia, particularly lymphomas. Pathologic evaluation can help (1) distinguish immunodeficiency states from autoimmune disorders, (2) identify potentially serious complications of therapeutic immunosuppression, including graftversus-host disease and drug toxicity, and (3) facilitate the diagnosis of superimposed viral, bacterial, fungal, and parasitic infections.
Primary immunodeficiency disorders

Common variable immunodeficiency
Common variable immunodeficiency is characterized by chronic, recurrent infections that result from a diminished capacity to produce and secrete antibodies. Diagnostic criteria include reduced serum immunoglobulin (Ig)G, IgA, and/or IgM levels (>2 standard deviations below mean for age), absent isohemagglutinins and/or poor response to vaccines, and onset of immunodeficiency at age >2 years [1] . Affected patients have variably diminished humoral and cellular immunity, resulting from defects in genes that drive B-cell differentiation and activation, effector T-cell response, and immune tolerance [2] . Most cases are sporadic, although forms of the disease follow autosomal dominant and autosomal recessive patterns of inheritance [2] . Gastrointestinal symptoms, particularly watery diarrhea, are common, being second only to recurrent sinopulmonary infections as a cause of disease-related morbidity [3] . Patients are predisposed to develop immune-mediated conditions, such as autoimmune thrombocytopenia, rheumatoid arthritis, and primary biliary cirrhosis; they are also at increased risk for gastrointestinal B-cell lymphoma and adenocarcinoma [3, 4] . Endoscopic findings are variable; the mucosa may be normal or show diffuse erythema, friability, and ulcers [5] . Lymphoid hyperplasia with mucosal nodularity is common, particularly the duodenum [6] .
Common variable immunodeficiency can affect any part of the gastrointestinal tract. Gastric manifestations include corpus-predominant autoimmune gastritis, autoimmune pan-gastritis, and lymphocytic gastritis. Duodenal crypt and villous architectural abnormalities accompanied by intraepithelial lymphocytosis closely resemble celiac disease; this differential diagnosis can be particularly problematic because some afflicted patients have spuriously elevated anti-tissue transglutaminase, anti-gliadin, and antiendomysial antibody titers [5, 7] . Patchy chronic active enterocolitis with lymphoid hyperplasia and granulomata mimic Crohn disease most commonly, although colonic intraepithelial lymphocytosis and patchy subepithelial collagen deposition have also been described.
Biopsy samples typically display markedly decreased numbers of plasma cells in combination with intraepithelial lymphocytosis that tends to be more pronounced in the deep mucosa than superficial epithelium, apoptotic crypt epithelial cells, lymphoid hyperplasia, architectural distortion, and granulomata (Fig. 1 ). The lamina propria may seem slightly paucicellular, particularly when patients do not have concomitant infections. Neutrophils are present in the lamina propria and epithelium, but high numbers usually signify the presence of infection, particularly candidiasis or cytomegaloviral infection. Patients with common variable immunodeficiency are also at increased risk for Cryptosporium spp. infection and chronic, or recurrent, giardiasis [8, 9] . Importantly, the presence of plasma cells does not exclude a diagnosis of common variable immunodeficiency; approximately one-third of biopsy samples contain plasma cells [8] .
The differential diagnosis of common variable immunodeficiency includes several de novo immune-mediated inflammatory conditions, particularly celiac disease, autoimmune enteropathy, and inflammatory bowel disease. However, all of these entities are readily distinguished from the former because they uniformly elicit plasma cell-rich inflammation in the lamina propria, which is not a feature of common variable immunodeficiency. Apoptotic crypt epithelial cells are frequently encountered in both common variable immunodeficiency and autoimmune enteropathy; their presence in high numbers is not typical of either celiac disease or inflammatory bowel disease. Prominent lymphoid hyperplasia, cytomegalovirus (CMV) infection, and giardiasis are uncommon among untreated patients with de novo immune-mediated inflammatory conditions. Their detection in mucosal biopsy samples should prompt suspicion for an underlying immunodeficiency.
Selective IgA deficiency
Selective IgA deficiency is the most common primary immunodeficiency, but a substantial proportion of affected [12] . Treatment consists of antibiotic therapy for recurrent infections as well as dietary modification and gluten withdrawal for patients with celiac disease. Gastrointestinal biopsy samples are often histologically normal, or show lymphoid hyperplasia, especially in the duodenum; duodenal lymphoid hyperplasia should always prompt evaluation for the possibility of a primary immunodeficiency. Inflammatory changes, such as granulomata and chronic mucosal injury that simulate idiopathic inflammatory bowel disease, have been reported among patients with IgA deficiency, but are uncommon [13] . Patients with IgA deficiency and celiac disease usually have duodenal abnormalities that are indistinguishable from those of celiac disease that develops in immunocompetent individuals. Gluten withdrawal results in improvement of gastrointestinal symptoms for most patients.
Chronic granulomatous disease
Chronic granulomatous disease is a rare genetic disorder characterized by severe, recurrent bacterial and fungal infections. Patients inherit either X-linked or autosomal recessive defects in genes encoding components of the NADPH oxidase complex that normally kills ingested microorganisms. Digestion of other exogenous materials is also attenuated, so many patients have mucosal biopsy samples that show chronic granulomatous inflammation in the absence of infection. Between 32 and 48% of patients with chronic granulomatous disease have gastrointestinal complaints, including diarrhea, abdominal pain, constipation, and failure to thrive [14] . Endoscopic findings are usually non-specific, but a "leopard skin" pattern of brown patches against yellow colonic mucosa has been described [15] . Histologic features of chronic granulomatous disease overlap with those of Crohn disease (Fig. 2) , although the former typically shows aggregates of pigmented macrophages in the lamina propria that can be a helpful diagnostic clue [16] . Data from a large study of 102 patients with chronic granulomatous disease suggest a high frequency of chronic colitis (55%), granulomata (60%), and pigmented macrophages (74%); small bowel biopsy samples showed frequent mucosal eosinophilia (36%) and villous architectural abnormalities accompanied by intraepithelial lymphocytosis (37%) [17] .
Other primary immunodeficiency disorders
Less-common heritable immunodeficiency disorders may cause gastrointestinal symptoms manifesting in infancy or early childhood. Severe, recurrent diarrhea in patients with X-linked infantile agammaglobulinemia is caused by recurrent bacterial infections or chronic giardiasis [18] . Immune dysregulation-polyendocrinopathy-X-linked syndrome is characterized by dermatitis, insulin-dependent diabetes mellitus, thyroiditis, thrombocytopenia, and hemolytic anemia accompanied by an autoimmune enteropathy and anti-enterocyte antibodies [19] . Histologic features include complete villous shortening with plasma cellrich inflammation, intraepithelial lymphocytosis, and numerous apoptotic crypt epithelial cells [20] . The syndrome is usually fatal, although bone marrow transplant may be of benefit in some cases. Severe combined immunodeficiency leads to diminished numbers, and impaired function, of B-and T cells. Patients suffer from dermatitis, diarrhea, and severe infections in infancy; they may develop functional immune systems following bone marrow transplantation [21] . 
Therapy-induced immunosuppression
Graft-versus-host disease
Graft-versus-host disease complicates hematopoietic stem cell transplant in 30-70% of allogeneic transplant recipients and~5% of autologous transplant recipients, particularly those with multiple myeloma [22] . The disease occurs when donor T cells recognize recipient antigens and incite an inflammatory response that damages host tissues, especially the skin, gastrointestinal tract, liver, and lungs [23] . Gastrointestinal symptoms include nausea, vomiting, anorexia, and diarrhea. Acute graft-versus-host disease is defined as occurring within the first 100 days after hematopoetic stem cell transplant, but features may persist well beyond that period, particularly if immunosuppression is withdrawn [23] . Endoscopic findings include edema, erythema, friability, erosions, and ulcers [24] .
The histologic hallmark of graft-versus-host disease is prominent epithelial cell apoptosis in the regenerative compartments of the gastrointestinal epithelium (i.e., basal layers of squamous epithelium, gastric mucous neck cells, and crypt bases in the small intestine and colon) in the setting of paucicellular, mixed inflammation in the lamina propria. Apoptotic cells are often large with vacuoles containing nuclear debris, especially in colonic samples (i.e., "exploding crypt cells" or "popcorn cells"). Crypts may be cystically dilated with luminal karyorrhectic debris, and severe injury results in crypt loss, erosions, or ulcers (Fig. 3a) . Endocrine cells are somewhat resistant to injury and often appear as aggregates in the lamina propria; this feature can be a helpful clue in distinguishing graft-versushost disease from its mimics, such as mycophenolate mofetil-related injury [25] . Recent data from a large study of 116 patients with acute graft-versus-host disease suggest that loss of duodenal Paneth cells predicts a poorer response to immunosuppressive therapy [26] . Longstanding graftversus-host disease can cause crypt architectural distortion, crypt loss, lamina propria fibrosis, and Paneth cell metaplasia with minimal inflammation and rare, if any, apoptotic crypt cells. For this reason, crypt cell apoptosis is not a helpful feature when evaluating patients for possible chronic graft-versus-host disease.
Minimal diagnostic criteria for graft-versus-host disease are not well-established and inter-observer variability is problematic [27] . The Pathology Working Group of the NIH Consensus Development Project recommends examining 8-20 serial sections of each sample and requires a minimum of 1-2 apoptotic bodies per piece of biopsy tissue to establish a diagnosis of graft-versus-host disease [28] . The group also recommended that biopsy samples from patients with clinical suspicion for graft-versus-host disease be classified as (1) "not graft-versus-host disease" when diagnostic features are absent, (2) "possible graft-versushost disease" if characteristic findings are present, but other etiologies are also likely, or (3) "likely graft-versus-host disease" when competing causes are improbable based on available clinical information. Unfortunately, biopsy sampling may not detect graft-versus-host disease in all patients, and histologic features often show poor correlation with the endoscopic severity, although patients with severe histologic injury generally have bleeding and ulcers [29, 30] .
Several authors have proposed histologic grading schemes for assessment of graft-versus-host disease, although their clinical relevance is not clearly established. Some studies show poor correlation between histologic grade and treatment response, whereas others suggest that milder histologic findings correlate with lower mortality rates [31, 32] . The Lerner grading system is the most widely utilized system, but it predates modern immunosuppressive therapies, so milder cases of graft-versus-host disease tend to be grouped together as grade 1 (Table 2 ) [33] . Myerson et al. [34] proposed that cases classified as grade 1 be subclassified according to the number of apoptotic bodies identified in 20 crypts in order to better inform treatment decisions, although they failed to show that their classification affected treatment response. We do not grade graftversus-host disease in our practices unless severe features (i.e., mucosal denudation or ulcers) are present.
Distinguishing graft-versus-host disease from its mimics is clinically important, but often challenging (Table 3) . Samples obtained within 20 days after bone marrow ablation show diffuse epithelial cell apoptosis indistinguishable from graft-versus-host disease, and thus, a definitive diagnosis of graft-versus-host disease cannot be made in the immediate post-transplant period [35] . Mycophenolate mofetil suppresses B-and T-cell proliferation by inhibiting guanine synthesis, and is commonly used to prevent graft rejection in stem cell and solid organ transplant recipients [36] . This agent often causes gastrointestinal toxicity accompanied by crypt cell apoptosis, crypt loss, and variable crypt architectural distortion that simulate the features of graft-versus-host disease (Fig. 3b) . Star et al. evaluated colonic biopsy samples from 17 patients with mycophenolate-related injury and 40 with graft-versus-host disease; they found that mycophenolate-related toxicity was associated with increased numbers of lamina propria eosinophils, whereas endocrine cell nests, hypereosinophilic crypt epithelial cells, and apoptotic luminal debris were significantly more common among patients with graftversus-host disease (Fig. 3c) . In fact, the combination of >15 eosinophils per ten × 400 fields (Fig. 3d) and lack of endocrine cell aggregates predicted mycophenolateassociated colitis with 76% sensitivity and 93% specificity among 22 stem cell transplant recipients who were taking the drug [37] . Stem cell transplant recipients often take proton pump inhibitors in the early post-transplant period. Proton pump inhibitors induce apoptosis in gastric epithelial cells, producing overlap with graft-versus-host disease. On the other hand, gastric epithelial apoptotic bodies in graft-versus-host disease tend to be small and inconspicuous and are not easily distinguished from medication-induced injury. Welch et al. [38] analyzed gastric biopsy samples from 40 stem cell transplant recipients taking proton pump inhibitors and 32 patients who received proton pump inhibitors for other indications. Antral samples from both groups contained a mean of two apoptotic bodies per ten × 400 fields, but more apoptotic bodies were present in fundic mucosa in the study group (3.5 versus 0.57 per ten × 400 fields).
Cord colitis syndrome
Cord colitis syndrome previously described antibiotic responsive, culture-negative diarrhea of unknown etiology that developed in patients who received umbilical cord blood as an alternative to hematopoietic stem cell transplant [39] . Histologic features included chronic, variably active inflammation affecting the upper and/or lower gastrointestinal tract, accompanied by frequent granulomata. We now know that these features are neither sensitive no specific for cord colitis and are likely related to infections that, until recently, went largely undetected. Shimoji et al. [40] reviewed colonic biopsies from 49 transplant recipients, including 10 who received cord blood transplants, 25 with bone marrow transplants, and 14 with peripheral blood stem cell transplants. Histologic features were comparable regardless of the nature of the transplant; chronic active colitis was seen in all groups (40, 28 , and 29%, respectively), and was also seen in biopsy samples from patients with confirmed graft-versus-host disease (36%) and CMVassociated colitis (67%). Most recently, Bradyrhizobium enterica was identified through DNA sequencing of tissue samples from four patients at a single institution, and other bacteria have been subsequently isolated from patients who meet clinical criteria for cord colitis syndrome [41, 42] . Thus, "cord colitis syndrome" most likely represents a nonspecific pattern of injury resulting from a variety of infections that are difficult to detect using routine testing methods.
Neutropenic enterocolitis
Neutropenic enterocolitis (i.e., typhlitis) is a type of intestinal necrosis that develops in the terminal ileum and ascending colon of neutropenic patients, particularly those who receive chemotherapy for hematologic malignancies Intranuclear and intracytoplasmic inclusions in stromal and endothelial cells. [43, 44] . Presumably, the combination of cytotoxic druginduced cellular damage and immunosuppression affects the mucosal barrier and allows pathogens such as Klebsiella pneumonia, Escherichia coli, Enterobacter spp., Staphylococcus aureus, Streptococcus viridans, Clostridium and Candida spp., to invade the bowel wall, leading to mural necrosis [43] . Clostridium septicum, a spore-forming, gasproducing gram-positive bacterium, may cause neutropenic enterocolitis and necrotizing fasciitis in patients with gastrointestinal malignancies [45] . Patients typically present with rapidly progressive abdominal symptoms, and may develop intestinal perforations that results in death. Resection specimens show extensive ulcers with hemorrhagic necrosis and edema unaccompanied by a neutrophilic inflammatory response (Fig. 4) . Gram and GMS (Gomori Methenamine Silver) stains may highlight invasive bacteria and fungi in some cases.
Infectious disorders in immunocompromised patients
HIV and AIDS
Patients with human immunodeficiency virus (HIV) may develop unexplained, culture-negative diarrhea with minimal endoscopic features as well as small bowel biopsy samples that show variable villous blunting, crypt hyperplasia, and apoptosis accompanied by mild intraepithelial lymphocytosis [46] . The disorder, termed "HIV enterocolopathy", has been attributed to the effects of HIV on enterocytes and altered mucosal immunity, although rotavirus, adenovirus, astrovirus, and picobirnavirus, have been detected in stool specimens of affected patients [47] [48] [49] . Notably, changes described in HIV enterocolopathy can be seen in asymptomatic patients with HIV infection, and some patients with diarrhea have histologically normal mucosa [47] . Widespread use of highly active antiretroviral therapy has reduced the incidence of HIV/AIDS (acquired immunodeficiency syndrome) enteropathy, as well as that of opportunistic infections occurring in patients with HIV/ AIDS [48] .
Viruses
CMV
CMV is a member of the Herpesviridae family and a major cause of morbidity in immunosuppressed patients, but rarely causes disease in immunocompetent hosts [49] . New infection or reactivation of latent infection can affect any segment of the gastrointestinal tract. Esophagitis may present with odynophagia, whereas gastroenteritis produces severe watery, or bloody, diarrhea [50] . Infection of endothelial cells can lead to vascular necrosis and thrombosis, resulting in segmental ischemia [51] . Mucosal erythema, friability, and ulcers occur throughout the gastrointestinal tract. Esophageal ulcers are more common distally and usually have discrete borders, but they can be confluent and span up to 10 cm [52] . CMV rarely elicits an exuberant inflammatory reaction that simulates malignancy [53] . CMV infection is associated with variable inflammatory changes depending on the immune status of the patient. Immunosuppressed patients who have undergone stem cell transplant may mount a minimal response with mild neutrophilic inflammation accompanied by crypt cell apoptosis and regenerative crypts lined by attenuated epithelium, whereas plasma cell-rich inflammatory infiltrates are more common among patients with idiopathic inflammatory bowel disease who develop CMV infection as a result of corticosteroid therapy. Mucosal ulcers are associated with intravascular fibrin thrombi, activated endothelial cells, and prominent neutrophils around blood vessels. Viral cytopathic effects include nucleomegaly and cytoplasmic enlargement with inclusions in the cytoplasm and/or nuclei. Inclusions are usually identified in endothelial cells, but may also be seen in stromal cells, macrophages, and glandular epithelial cells, particularly those that contain neutral mucin (Fig. 5a ). Nuclear inclusions are amphophilic and surrounded by a zone of rarified chromatin, resulting in an "owl's eye" appearance, whereas cytoplasmic inclusions are granular and brightly eosinophilic (Fig. 5b) .
CMV should be distinguished from other viral pathogens and disorders that commonly affect immunosuppressed patients (Tables 3 and 4 ) [54] [55] [56] [57] . Viral cytopathic changes are usually apparent in routinely stained histologic sections and do not require immunohistochemistry for verification. Weidner et al. [56] performed CMV immunostains on colonic biopsy specimens from 104 hematopoietic stem cell transplant recipients and found that only two cases (2%) contained CMV inclusions, both of which were readily detected in hematoxylin and eosin-stained sections. However, immunohistochemical stains facilitate a diagnosis when abundant inflammation and reactive cellular changes obscure characteristic features [58] . Juric-Sekhar et al. [54] evaluated 601 patients with suspected CMV based on clinical or histologic grounds; they detected viral inclusions in hematoxylin and eosin-stained sections in 2% of cases, compared with a 6% detection rate using CMV immunohistochemistry. Importantly, all CMV-positive cases showed inflammatory changes in the mucosa, and all histologically normal samples were negative for CMV by immunohistochemistry. Thus, available data suggest that immunohistochemistry facilitates CMV detection in suspicious cases that lack classic viral inclusions or when exuberant inflammatory infiltrates obscure the presence of organisms. In our practice, we routinely obtain CMV immunostains when biopsy samples from corticosteroiddependent patients with inflammatory bowel disease show ulcers with diffuse inflammation.
Although data are limited, immunohistochemical detection of rare CMV-positive cells is probably important enough to warrant a search for virally infected cells in the appropriate clinical setting. Yan et al. [59] reported that 63% of patients with gastrointestinal complaints and isolated CMV inclusions detected by immunohistochemistry experienced symptomatic improvement following antiviral therapy. On the other hand, detection of occasional CMV-infected cells may not alter management, particularly when patients are already receiving viral prophylaxis [60] . In our practices, we only consider rare immunopositive cells to represent CMV infection when they show staining of morphologically consistent cells in an appropriate distribution (i.e., staining of nuclear or cytoplasmic inclusions), and correspond with findings in hematoxylin and eosin-stained sections; plasma cells and granulocytes can show non-specific staining with this marker. Detection of CMV DNA in paraffin-embedded tissue via polymerase chain reaction is a sensitive method for detecting the organism, but is not routinely used in current practice [61, 62] .
Adenovirus
There are >50 adenovirus serotypes that infect human tissues, some of which show tropism for gastrointestinal mucosae [63] . Acute infection is self-limited in immunocompetent adults, but persistent, asymptomatic infection occurs in some cases [64] . Immunosuppressed individuals may develop enterocolitis, nephritis, hepatitis, pneumonia, and encephalitis, any of which may be fatal [65] . Endoscopy may reveal normal mucosa, mild erythema, or friable and granular mucosa. Biopsy samples usually show only mild changes with slightly tufted epithelium and scattered apoptotic bodies. Clusters of infected epithelial cells contain smudgy, amphophilic inclusions that impart an angulated or crescentic appearance to the nuclei. These histologic features tend to be patchy and can be readily overlooked [60] . Thus, routine use of adenovirus immunohistochemistry may be warranted when immunosuppressed patients have unexplained gastrointestinal symptoms, especially when serologic studies are not available.
Herpes simplex virus (HSV)
HSV may be transmitted sexually or through any other mucous membrane contact, and affects immunocompetent and immunocompromised individuals. The esophagus and anorectum are the most common sites of gastrointestinal infection. Most esophageal disease is caused by HSV1, and HSV2 is more common in the anorectum, but both strains cause histologically identical patterns of infection at either site [66] . Patients with herpetic esophagitis present with odynophagia, whereas anorectal disease is associated with pain and systemic symptoms including fever, lymphadenopathy, and parasthesias. Herpetic ulcers are shallow and punched out; intact and/or ruptured perianal vesicles and diffuse proctitis can be seen in patients with anorectal involvement [67] .
Viral inclusions are best identified in sloughed squamous epithelium or in squamous cells at the ulcer edges. Acidophilic Cowdry A inclusions are surrounded by a halo of chromatin clearing, whereas Cowdry B inclusions are homogeneous and powdery blue. Infected cells are often multinucleated with nuclear molding (Fig. 6) . The differential diagnosis includes varicella zoster virus, which can produce life-threatening infection in immunocompromised patients and displays histologically indistinguishable viral cytopathic changes. Fortunately, immunohistochemical stains directed against varicella zoster virus glycoproteins are highly sensitive and specific [55] . Multinucleated squamous cells can also be seen in patients with gastroesophageal reflux disease and other types of esophagitis; they lack nuclear molding and characteristic viral inclusions [68] .
Bacteria
Mycobacteria
Intestinal tuberculosis usually results from primary infection with Mycobacterium tuberculosis or hematogenous spread of M. tuberculosis from a pulmonary focus, although zoonotic disease due to M. bovis occurs following ingestion of unpasteurized milk [69] . The ileocecal region is most commonly affected because Peyer patches provide a route for bacterial entry. Intestinal tuberculosis presents with abdominal pain, fevers, night sweats, and a mass in the right lower quadrant, often in combination with mesenteric lymphadenopathy. Endoscopic features include ulcers, strictures, fistulae, inflammatory masses, and pseudopolyps [70] . Biopsy and resection specimens show chronic active ileocolitis with ulcers and mononuclear cell-rich inflammation. Epithelioid granulomata may be singly dispersed, or confluent with central necrosis and a peripheral rim of lymphocytes (Fig. 7a) . Detection of organisms requires ancillary techniques (Fig. 7b) [71] . Acid fast stains, such as Ziehl-Neelsen and Fite stains, show low sensitivity owing to the paucity of bacilli in tissue sections, although the latter may improve detection of some atypical mycobacteria [72] . Immunohistochemical stains and polymerase chain reaction-based assays improve specificity over histochemical stains, but may show low sensitivity when organisms are scarce [73] . Cultures remain the gold standard for establishing a diagnosis, although they take several weeks to grow and may not be obtained in every case, particularly when the diagnosis is not suspected. The differential diagnosis of intestinal tuberculosis includes other infectious causes of granulomatous ileocolitis, particularly Mycobacterium avium-intracellulare complex and yersiniosis, although the latter usually produces suppurative, rather than necrotic granulomata. Polymerase chain reaction-based studies that identify these infections in paraffin-embedded tissue are available [74, 75] . Distinguishing intestinal tuberculosis from Crohn disease is particularly challenging, especially in areas where M. tuberculosis is endemic. Kirsch et al. [70] examined biopsy specimens from 18 patients with intestinal tuberculosis and 25 with Crohn disease. They reported that granulomata were more frequent in patients with tuberculosis compared with Crohn disease (78 versus 28%), and were more numerous in the former than the latter (2.85 versus 0.6 per biopsy site). In that study, 67% of patients with tuberculosis had granulomata that exceeded 0.05 mm 2 compared with only 8% of patients with Crohn disease. Confluent and centrally necrotic granulomata were present in 50 and 22% of tuberculosis cases, respectively, but absent in Crohn disease. Finally, Crohn disease and tuberculosis may coexist, especially in patients who are treated with TNF-α inhibitors because they are at risk for reactivation of latent M. tuberculosis infection [76] .
Mycobacterium avium-intracellulare complex is associated with high mortality rates among patients with AIDS [77] . Infection most often involves the duodenum followed by the rectum, producing yellow nodules corresponding to macrophage aggregates in the lamina propria [78] . Infected immunocompetent patients can mount an inflammatory response marked by well-formed, occasionally necrotic granulomas that contain scant organisms, whereas bacilli-stuffed macrophages expand the lamina propria in immunocompromised patients, often effacing the villous architecture (Fig. 7c) . Organisms impart a striated appearance to infected macrophages, which appear pale blue in H&E-stained sections. They stain with acid fast (Fig. 7d) and PAS-D [79] . The differential diagnosis includes Tropheryma whipplei, the causative agent of Whipple disease [80] . These bacilli are PAS-D positive, but acid fast-negative.
Fungi
Candida spp., particularly C. albicans, are major pathogens in humans. Both C. tropicalis and C. (torulopsis) glabrata produce similar infections, although the latter occur in yeast form only. The gastrointestinal tract is the main reservoir for Candida spp.; intestinal and disseminated infections occur in the setting of altered mucosal immunity [81] . Indeed, C. albicans is a common cause of esophagitis, producing white plaques that bleed when disrupted. Biopsy samples show lymphocyte and neutrophil-rich inflammatory infiltrates with parakeratosis and sloughed keratin debris (Fig. 8a) . Yeasts and pseudohyphae are found among sloughed keratin and epithelial cells; the latter are often oriented perpendicular to the long axes of keratinocytes in a "shish kabob" configuration (Fig. 8b,c) [82] . 
Filamentous fungi
Aspergillus spp. are ubiquitous in the environment, but rarely cause infection outside of the immunocompromised population. Aspergillus fumigatus is the most commonly isolated species, followed by A. flavus, A. terreus, and A. niger [83] . High-risk patients have prolonged neutropenia and acquire infection by inhaling spores that ultimately disseminate hematogenously to the intestinal tract. Although intestinal disease is rare, it proves fatal in up to half of cases [84] . Aspergillus spp. are angioinvasive fungi that cause vascular thrombosis and nodular mural infarction; intravascular hyphae are arranged in radial arrays and emanate into surrounding tissue. The hyphae are septate with parallel walls, and branch at 45 o angles. Like all fungi, they may be highlighted by GMS and PAS-D stains.
Mucormycosis causes severe infection in immunocompromised patients, particularly those with diabetes, leukemia, or lymphoma, and patients who have undergone bone marrow transplant. Organisms usually cause sinus and lung infections; only 2-10% of patients experience intestinal complications, but mortality rates approach 50% among affected patients [85] . These fungi are also angioinvasive and cause a pattern of intestinal ischemia similar to Aspergillus spp. Hyphae are irregular with ribbon-like folds and central clearing; they are pauciseptate and branch at random angles (Fig. 9) .
Yeast
Histoplasma capsulatum is commonly found in bird and bat droppings and is endemic to the Mississippi and Ohio River valleys, Mexico, and regions of Central and South America [86] . It exists in a filamentous mold form in its natural environment, but assumes a yeast form in warm-blooded hosts. Immunocompetent patients are usually asymptomatic, but may harbor non-viable organisms within granulomata [87] . However, spores disseminate to the spleen, bone marrow, gastrointestinal tract, and liver in immunocompromised individuals, particularly those with HIV/ AIDS [88] . The yeast are ovoid, measure 2-4 µm, and show narrow-based budding surrounded by a "halo" of rarified cytoplasm (Fig. 10) . Yeast-bearing macrophages rarely form epithelioid granulomata. Rather, they fill and distend the lamina propria of the small intestine, causing effacement of the villous architecture.
Penicillium marneffei can cause severe infection in the immunocompromised population. This dimorphic fungus is endemic to China and Southeast Asia [89] . Disseminated infection occurs in immunocompromised patients, particularly those with AIDS, and pursues an aggressive, often fatal course. Endoscopic findings include erosions, ulcers, and masses that simulate malignancy [90] . Yeast accumulate in macrophages, are ovoid, and span 2-5 µm, similar to Histoplasma capsulatum. Some organisms are much larger with curved ends [91] . Cryptococcus neoformans causes suppurative and necrotizing gastrointestinal disease among immunosuppressed patients with disseminated infection [92] . Any site in the gastrointestinal tract may be affected. Ovoid yeasts are extracellular, span 4-7 µm, and have a mucopolysaccharide capsule that is clear and colorless in H&E-stained sections [93] . The capsule stains magenta with mucicarmine, although capsule-deficient strains are mucicarmine-negative [94] .
Protozoans
Giardia lamblia is spread via fecal-oral transmission and contaminated water and food [95] . It causes a self-limited illness in immunocompetent individuals, but patients with HIV/AIDS, selective IgA deficiency, and common variable immunodeficiency are at risk for recurrent, or prolonged, infection owing to impaired mucosal immunity [96] . The organism usually completes its lifecycle in the proximal small intestine, but may be detected in the ileum in rare cases [97] . Pear-shaped, or crescentic, trophozoites reside in the intervillous spaces near the luminal epithelium and are flagellated with two nuclei and a central karyosome (Fig. 11a) . They are easily overlooked because colonization elicits no, or minimal, inflammatory changes in duodenal biopsy samples [98] . Robertson et al. [99] retrospectively reviewed biopsy specimens from 40 patients with positive stool studies and found that only eight (20%) had organisms in duodenal biopsies, including three (38%) in which the organisms were not prospectively identified. Organism morphology is best appreciated in cytology samples; cytospin preparations obtained from the formalin fixative of duodenal biopsies contain more numerous, better preserved trophozoites than histologic sections (Fig. 11b) [100] .
Unicellular protozoa of the Conoidasida class are an important cause of diarrhea in tropical climates, and also cause illness among immunocompromised patients in temperate regions, particularly those with HIV/AIDS [95, [101] [102] [103] [104] . The latter are at risk for severe diarrhea with dehydration and malabsorption. Organisms are typically transmitted through contaminated water sources. Most affected patients have normal, or near normal, endoscopic examinations associated with mild inflammatory changes in mucosal samples, including patchy intraepithelial lymphocytosis, scattered apoptotic epithelial cell debris, and occasional neutrophils. Cryptosporidia parvum, C. hominis, C meleagridis, Cyclospora cayetanensis, and Cystisospora belli, and Microsporidia have been historically classified as coccidians, although results of recent molecular data have led to substantial reclassification. Cryptosporidia are now classified as gregarines, a subclass of Conoidasida closely related to coccidians (Fig. 12a) [102] . C. belli (formerly Isospora belli) (Fig. 12b) and C. cayatenensis (Fig. 12c) are Cryptosporidia are now classified as gregarines (Apicomplexa alveolates), not coccidians still classified as coccidians [103, 104, 95] , Microsporidia was previously classified as a protozoan, but is now considered to be a fungus (Fig. 12d ) [101] . Stool studies with ancillary stains and/or PCR-based assays are often used to detect organisms, although they can also be seen in H&E-stained sections (Table 5) .
Nematodes
Strongyloides stercoralis is a nematode endemic to tropical and subtropical regions and the southeastern United States [105] . Immunocompromised patients with chronic corticosteroid therapy, solid organ transplantation, and human T lymphotrophic virus type 1 infection at increased risk for severe infection, whereas HIV/AIDS does not appear to be a significant risk factor. Of note, we have seen a few cases of chronic strongyloidiasis in patients with common variable immunodeficiency, although this relationship has not been described in the literature. Transmission occurs when filariform larvae present in soil penetrate exposed skin and ultimately migrate to the duodenum and jejunum where females mature and lay eggs that hatch into rhabtidiform larvae. These larvae can differentiate into infectious filariform larvae without excretion into the environment to complete the lifecycle. As a result, patients can be infected for decades despite the presence of only mild symptoms. Hyperinfection describes a syndrome of accelerated autoinfection that occurs in immunosuppressed patients, particularly those who are co-infected with human T lymphotrophic virus type 1 and those receiving corticosteroids [106] . Gastrointestinal symptoms include diarrhea, vomiting, small bowel obstruction, and protein-losing enteropathy. Endoscopic and colonoscopic findings are often non-specific, but small yellow spots reflecting lymphatic obstruction by larvae raise the possibility of infection in endemic regions; ulcers, mass lesions and pseudopolyposis are also reported [107, 108] . The diagnosis of active strongyloidiasis infection is based on identification of larvae and eggs in stool or tissue, as serologic detection of Strongyloides immunoglobulins may reflect past infection [109] . Eggs, larvae, and adult worms are found throughout the gastrointestinal tract, although small intestinal biopsies have the highest yield [110] . Larvae and adult worms are present in the lamina propria and within intestinal crypts. They are curved with pointed tails and long, basophilic ova (Fig. 13) . Organisms elicit eosinophil-rich inflammation when they transgress the crypt basement membrane and invade the lamina propria. Lymphoplasmacytic inflammation is often present, but generally mild. Infection may be associated with crypt and villous architectural distortion that simulate features of idiopathic inflammatory bowel disease.
Summary and conclusions
Immunocompromised patients often have gastrointestinal symptoms that can be due to the underlying immunodeficiency, or result from either a superimposed infection or drug-related injury. Pathologists have an important role in recognizing and classifying patterns of injury in biopsy samples from affected patients. Attention to subtle histologic findings, examination of multiple tissue levels and/or ancillary stains, and correlation with clinical features and laboratory studies facilitate a diagnosis in these challenging cases.
